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Abstract
A Photovoltaic (PV) cell is a device that converts sunlight or incident light into 
direct current (DC) based electricity. Among other forms of renewable energy, 
PV-based power sources are considered a cleaner form of energy generation. Due 
to lower prices and increased efficiency, they have become much more popular 
than any other renewable energy source. In a PV module, PV cells are connected 
in a series and parallel configuration, depending on the voltage and current rat-
ing, respectively. Hence, PV modules tend to have a fixed topology. However, in 
the case of partial shading, mismatching or failure of a single PV cell can lead to 
many anomalies in a PV module’s functioning. If proper attention is not given, it 
can lead to the forward biasing of healthy PV cells in the module, causing them to 
consume the electricity instead of producing it, hence reducing the PV module’s 
overall efficiency. Hence, to further the PV module research, it is essential to have 
an approximate way to model them. Doing so allows for understanding the design’s 
pros and cons before deploying the PV module-based power system in the field. In 
the last decade, many mathematical models for PV cell simulation and modeling 
techniques have been proposed. The most popular among all the techniques are 
diode based PV modeling. In this book chapter, the author will present a double 
diode based PV cell modeling. Later, the PV module modeling will be presented 
using these techniques that incorporate mismatch, partial shading, and open/short 
fault. The partial shading and mismatch are reduced by incorporating a bypass 
diode along with a group of four PV cells. The mathematical model for showing the 
effectiveness of bypass diode with PV cells in reducing partial shading effect will 
also be presented. Additionally, in recent times besides fixed topology of series–
parallel, Total Cross-Tied (TCT), Bridge Link (BL), and Honey-Comb (H-C) have 
shown a better capability in dealing with partial shading and mismatch. The book 
chapter will also cover PV module modeling using TCT, BL, and H-C in detail.
Keywords: photovoltaics, complementary metal oxide semiconductor (CMOS), 
bypass diode, partial shading, metal oxide semiconductor field effect transistor 
(MOSFET)
1. Introduction
A Photovoltaic (PV) cell is a device that by the principle of photovoltaics effect 
converts solar energy into electricity [1, 2]. In a PV module, PV cells are connected 
in a series and parallel configuration, depending on the voltage and current rating, 
respectively [1]. In recent times PV based energy is gaining prominence due to the 
advances in the PV cells [3, 4], lowering PV cells cost [5], and government incen-
tives [6–8]. Compared to any other renewable energy-based power source, PV is 
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considered portable and easy to use [5]. Hence, the PV based power source is used 
in a wide range of applications that include residential and commercial building, 
drones, vehicle, satellites, embedded systems, sensors and many others [9].
The PV-based power source is not ideal and performance can cause many anoma-
lies [10, 11]. One of the most significant issues that affect PV modules performance 
is the shading caused due to clouds, physical objects, and living beings [10, 11]. 
Generally, there are two types of shading, complete shading and partial shading [12]. 
The complete shading occurs when the whole PV module is under the shade. If only a 
few of the PV cells are under the shade, it results in partial shading conditions. Both 
of these shading types reduce the power efficiency of PV modules. However, the par-
tial shading condition can have much more severe after effects [13]. The current flow 
in a row of PV cells connected in series is governed by the PV cells that are affected 
by the shade [13, 14]. This phenomenon can lead to forward biasing of unshaded PV 
cells, leading to them consuming the power instead of generating it [13, 14].
Additionally, the partial shading condition can cause hotspot generation in the 
panel’s neighboring PV cells [15–17]. This hotspot can even instigate a fire hazard 
[18–20]. Mismatch in the PV cells in the PV module can also create abnormalities 
like the partial shading conditions [14]. Hence, to prevent such a phenomenon from 
happening, the PV modules are equipped with bypass and blocking diode [2, 9, 21]. 
The bypass diode causes bypassing of the shaded or damage PV cells in the panel 
[22]. Simultaneously, the blocking diode prevents the current from flowing in the 
reverse direction in case of a mismatch in the output voltage, which can lead to 
forward basing of the PV cells [21]. Similarly, faults such as open and short circuit-
ing of PV cells in the module degenerate the solar panel’s performance [12].
Due to all these abnormalities that reduce the PV panel’s performance, it is desir-
able to model a PV module that can emulate its electrical characteristics to derive a 
better way to tackle them. Also, equivalent modeling helps to better understand the 
PV panel characteristics before they are being deployed for real-world applications.
2. SPICE based PV cell and module modeling
2.1 Equivalent circuit model of a PV cell
To model the PV cell, a SPICE based 2-diode based equivalent circuit is used 
as shown in Figure 1 [23]. All the parameters shown in Figure 1, are presented in 
Table 1 [23]. Two diode-based PV cell modeling techniques are selected over single 
diodes since they are considered more accurate [24]. The resistance Rs and Rp as 
shown in Figure 1 are the internal resistance of the PV Cell.
The current iPV generated by the PV cell, as shown in Figure 1, can be 
 computed by:
Figure 1. 
2-diode based equivalent PV cell model.
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The total photon current of a PV cell is dependent on the area of the PV cell, 
short-circuit current density of the PV cell, and the solar irradiance. The following 
equation can compute the total photon current for a given PV cell:






The current vs. voltage (I-V) and power vs. voltage (P-V) characteristics 
obtained for a single PV cell using SPICE-based equivalent PV cell are shown in 
Figure 2. The SPICE simulation uses Eq. (1), Eq. (2), and Eq. (3).
Symbol Description Value and units
VPV Output voltage across the PV module Volts
IPV Output current across the PV module Amperes
vpv Output voltage across a PV cell Volts
ipv Output current generated from the PV cell Amperes
VOV Open load voltage across PV module Volts
vov Open load voltage across PV cell 0.55 Volts
IPH Total photon current of the PV module 2.17 Amperes
RP Shunt resistor 1 mΩ
RS Series resistor 0.1 MΩ
APV Area of PV cell 126.6 cm
2
JSC Short-circuit current density 34.3 mA/cm
2
VT Thermal voltage = /KT q 26 mV
A Diode ideality constant 1.2
IS Diode saturation current IS1 = 10pA and IS2 = 1 nA
G Solar irradiation data 1000 W/m2
GSh Shaded solar irradiation data 500 W/m
2
NS Number of PV cells in series
NP Number of PV cells in parallel
N Number of PV cells in a PV panel = NS x NP
Table 1. 
The parameters descriptions for modeling PV cells and module, their assumed constant value, and units.
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2.2 Equivalent modeling of PV module
A series–parallel topology is used to model a PV module using the equivalent PV 
cell shown in Figure 1. The total number of PV cells in the PV panel is equal to N. 
The number of PV cells connected in series is equal to Ns. The Ns number of series 
connected PV cells are then tied together to form a PV panel or module. The total 
number of PV cells connected in parallel is equal to Np. Thus, the number of PV 
cells in a PV module is given by:
 = ×S PN N N  (4)
Figure 2. 
a) Current vs. voltage (I-V) characteristics of PV cell b) power vs. voltage (P-V) characteristics of PV cell.
Figure 3. 
A PV module of Ns x Np (number of PV cells in series x number of PV cells in parallel) configuration a) 
double-diode based equivalent PV module b) column decomposition c) row decomposition d) approximate 
equivalent model.
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If all the PV cells in a PV module are homogenous and are receiving an identical 
solar irradiance, it can be modeled in Figure 3 [25]. The total current generated 
from the PV module with Ns number of PV cells in series and Np number of PV 
cells in parallel can be modeled by using Eq. (1) and the equivalent double diode 
based model shown in Figure 3d).
The photon current shown in Figure 3 is given by the summation of photon 
current across each column in the PV module. Thus, the total photon current of a 
PV module is equal to the Np times the single PV cell’s photon current. In the partial 
shading in the PV module, the current across the series connected PV cell is deter-
mined by the current generated from the shaded PV cells. Thus, in this case, the PV 
module’s total photon current is not equal to Np times the photon current. Instead, 









Total I mi I  (5)
3.  Different types of topologies for creating a PV module and effect of 
shading
3.1 Fixed topology
Typically, the topology used for creating PV modules from a single PV cell is 
mostly fixed. To reduce the partial shading and mismatch impact, bypass diode 
is connected across PV cells in the panel to reduce its impact on power generation 
[22]. To reduce the effect of partial shading condition, different techniques of 
placing bypass diode were analyzed [26]. However, they make the PV module much 
more complicated for mass production. There are different topologies of connecting 
PV cells in the module and these are important for understanding the effectiveness 
of different topologies for mitigating the ailing effect of partial shading condition, 
the shading pattern shown in Figure 4 is used [27]. For simplifying the simulation, 
the number of series connected PV cells is equal to 4, and the number of parallel 
connected PV cells is 5, i.e., NS is equal to 4 and NP is equal to 5. Thus, the total 
number of PV cells in the PV module is considered 20, as shown in Figure 4.
Figure 4. 




The SP PV module configuration is the easiest and simplest way of creating a 
PV module. As discussed earlier, it is created by connecting solar cells in series. 
The total number of PV cells connected in series is dependent on the total voltage 
ratings of the PV module. Later, a similar configuration of series connected PV 
cells is connected in parallel based on the PV module’s current and power rating. A 
bypass diode is connected across each PV cell in the module (Figure 5a). The I-V 
and P-V characteristics of the PV module using the SPICE based PV is shown in 
Figure 5a) and b), respectively.
3.1.2 Total crossed-tied (TCT)
The TCT topology for the PV module is like the SP. The only difference is that 
each PV cell is connected in parallel with the neighboring PV cells in that column 
[28–31]. The neighboring PV cells in the module are shorted together as per 
Figure 6a) for modeling this configuration. The I-V and P-V characteristics for 
different shading condition is shown in Figure 6b) and c).
3.1.3 Bridge linked (BL)
Figure 7a) shows the 20 PV cells-based module connected in BL configuration. 
The I-V and P-V characteristics obtained through the SPICE PV module is shown in 
Figure 7b) and c). This configuration got the name since the module’s PV cells are 
connected like a bridge rectifier [28–31]. In this configuration, two or more PV cells 
Figure 6. 
The PV module connected in TCT topology. a) the configuration of PV module is 4 × 5 b) I-V characteristics of 
PV module c) P-V characteristics of PV module under different shading condition.
Figure 5. 
The PV module connected in SP topology. a) the configuration of PV module is 4 × 5 b) I-V characteristics of 
PV module c) P-V characteristics of PV module under different shading condition.
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that are connected in series are tied with neighboring two or more PV cells in paral-
lel. For simplicity a bypass diode is connected across each PV cells in the module.
3.1.4 Honeycomb (HC)
PV cells are connected in a hexagonal shape in this configuration, creating a 
honey bee house like structure [28–31]. Hence, six PV cells are connected together 
to form a hexagon as shown in Figure 8a). The I-V and P-V characteristics obtained 
using the SPICE-based PV cell are shown in Figure 8b) and c).
3.2 Reconfigurable PV module
It is shown in different research work the ways different fixed PV cell topologies 
mitigate the effect of partial shading and mismatch [28–31]. The usage of bypass 
diode achieves the effectiveness of fixed topologies. However, a fault in the bypass 
diodes can make various topologies for creating PV modules ineffective. Compared 
to using bypass diode, a novel complementary metal-oxide-semiconductor (CMOS) 
switch embedded PV module is proposed [32]. Thus having CMOS based switches 
the PV modules configuration, i.e., the number of PV cells in series vs. the number 
of PV cells in parallel, can be changed in real time [12, 32] in case of a fault in PV 
cells or partial shading condition. A CMOS embedded PV module is shown in 
Figure 9. The circuit diagram of the switches used is presented in detailed in [33].
In [27], it is presented that reconfigurable PV modules are much better in tack-
ling the effect partial shading condition. However, it is also shown on the resistance 
of metal oxide semiconductor field-effect transistor (MOSFET) can reduce the 
Figure 7. 
The PV module connected in BL topology. a) the configuration of PV module is 4 × 5 b) I-V characteristics of 
PV module c) P-V characteristics of PV module under different shading condition.
Figure 8. 
The PV module connected in HC topology. a) the configuration of PV module is 4 × 5 b) I-V characteristics of 
PV module c) P-V characteristics of PV module under different shading condition.
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effectiveness of the CMOS embedded PV module. Hence, it is a necessity to develop 
a modeling technique for reconfigurable PV modules for further development and 
deployment of their usage in various applications. Three different types of MOSFETs 
are used for modeling the reconfigurable, which is presented in Table 2 [12].
The array decomposition for modeling the CMOS embedded PV module is 
shown in Figure 10. For simplicity, the two diodes are combined into a single diode 
shown in Figure 10. The total current generated by the reconfigurable PV module in 
configuration Ns × Np (number of PV cells in series x number of PV cells in paral-
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In Eq. (8), the Rns is equal to RPS. It is possible to achieve it by sizing the N-type 
and P-type MOSFET transistor’s width based on the process transconductance. The 
Figure 9. 
CMOS switch embedded PV module. A group of four transistors are connected in series by turning ON and 
OFF CMOS based transistors.
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Symbol Description Value and units
RPs ON resistance of P-type MOSFET transistor 1mΩ
RT ON resistance of transmission gate transistor 1mΩ
Rns ON resistance of N-type MOSFET transistor 1mΩ
Table 2. 
CMOS transistors resistance variable name and values.
Figure 10. 
PV cell decomposition technique for modeling CMOS embedded PV module.
Figure 11. 
The maximum power under different shading patterns over PV module for different configurations (number of 
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maximum power generated by the CMOS embedded PV module using SPICE based 
simulation is shown in Figure 11.
4. Conclusions
The authors have presented SPICE based modeling of PV cells and modules in 
detail. The I-V and P-V characteristics of popular fixed topologies for creating PV 
modules using SPICE modeling are presented. The contribution presented in this 
work will be significant in creating a smarter PV module that can better able to 
reduce the impact of partial shading, mismatch, and open/short fault.
In recent times many research works are done on creating a reconfigurable PV 
module. The modeling technique shown in the chapter presented the modeling 
technique of the reconfigurable PV module. These silicon switches embedded 
PV modules have the capability to create futuristic smart PV panels. Hence, for 
studying their performance in different operating conditions, the modeling tech-
nique presented in this chapter will be significant for their acceptance in different 
applications.
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